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Abstract
Particle ratios are important observables used to constrain models of particle production in heavy-ion collisions.
In this work we report on a measurement of the p/π ratio in the transverse momentum range 2.0 < pT,assoc < 4.0
GeV/c, associated with a charged trigger particle of 5.0 < pT,trig < 10.0 GeV/c, in 0-10% central Pb–Pb collisions at√
sNN = 2.76 TeV. The ratio is measured in the jet peak and in a region at large Δη separation from the peak (bulk
region). The presented results are based on 14M minimum-bias Pb–Pb collisions, recorded by the ALICE detector. It
is observed that the p/π ratio in the bulk region is compatible with the p/π ratio of an inclusive measurement, and is
much larger than the p/π ratio in the jet peak. The p/π ratio in the jet peak is compatible with a PYTHIA reference,
in which fragmentation in the vacuum is the dominant mechanism of particle production.
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1. Introduction
An important open issue in heavy-ion physics is the mechanism of particle production. In a heavy-ion collision it
is common to make a distinction between the thermal medium, produced by soft processes, and hard partons, which
traverse through the medium, and form a jet.
To study the particle production in the medium, inclusive baryon-to-meson ratios have been measured, both at
RHIC and LHC. These measurements have revealed a signiﬁcant enhancement of the baryon-to-meson ratio at inter-
mediate transverse momentum (pT ), compared to a proton-proton reference [1, 2, 3]. This indicates that the dominant
mechanism of particle production in the thermal medium is not vacuum fragmentation. At pT < 2.0 GeV/c, hydro-
dynamic models have been able to reproduce this enhancement, and at 2.0 < pT < 4.0 GeV/c, recombination models
were successful [4]. Based on model calculations, some authors have suggested that also the particle production in jets
in heavy-ion collisions is modiﬁed compared to the vacuum case, because of the presence of the medium [5, 6, 7, 8].
So far experiments have shown that some jet properties seem to be modiﬁed by the presence of the medium,
while others are not. For example, the shape of the near-side peak in a 2-particle correlation with a high-pT trigger
particle seems to be signiﬁcantly modiﬁed [9]. On the other hand, recent results from CMS have shown that the jet
fragmentation function in central Pb–Pb collisions does not show any modiﬁcation compared to the jet fragmentation
function in p–p collisions. Interestingly, this seems to hold not only for the near-side jet, but also for the suppressed
away-side jet [10].
In this work we present an extension on the inclusive measurement of the (p + p¯)/(π+ + π−) ratio, which will
hereafter be referred to as p/π ratio. By measuring the p/π ratio in the particle yield associated with a high-pT trigger
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Figure 1: Left panel: deﬁnition of the regions in the (Δφ,Δη) plane. Right panel: example of a distribution of
associated tracks in the (dE/dx−〈dE/dx〉i,Δt−〈Δt〉i) plane, under a pion mass assumption. The three most prominent
peaks correspond from top to bottom to: protons, kaons and pions.
particle, a distinction can be made between the p/π ratio in particles coming from the medium, and in particles in the
jet. We will present a measurement of the p/π ratio in the jet and in a region at large Δη separation from the peak (bulk
region), and make a comparison with PYTHIA, where particle production is dominated by vacuum fragmentation.
2. Analysis
For the analysis 1.4M 0-10% central minimum-bias Pb–Pb events were used, recorded by the ALICE detector.
Out of this a subset of events containing at least one high-pT trigger particle (5.0 < pT,trig < 10.0 GeV/c) was selected.
For every trigger particle, the associated hadron distribution was measured at intermediate pT (1.5 < pT,assoc < 4.5
GeV/c). For every associated track the speciﬁc energy loss (dE/dx), as well as the Time Of Flight (Δt) was measured.
All relevant information was collected in two 5-dimensional histograms:
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, i ∈ {π, p} , (1)
where Δφ ≡ φtrig−φassoc, Δη ≡ ηtrig−ηassoc, and 〈〉i stands for the expected value for particle species i. The associated
proton or pion yield in a certain region in (Δφ,Δη) and pT,assoc can be measured by integrating the corresponding 5-
dimensional histogram in Eq. (1) over the ﬁrst three coordinates, and then ﬁtting the resulting 2-dimensional histogram
in (dE/dx − 〈dE/dx〉i,Δt − 〈Δt〉i) (see for example the right panel of Fig. 1).
The width of the peak in the (dE/dx − 〈dE/dx〉i,Δt − 〈Δt〉i)-plane corresponding to the mass-assumption is deter-
mined by the detector resolution, and is therefore well-described by a two-dimensional Gaussian with an exponential
tail in the positive Δt direction. Since in general 〈dE/dx〉i − 〈dE/dx〉 j and 〈Δt〉i − 〈Δt〉 j for i  j are non-trivial func-
tions of pT and η, the peaks which do not correspond to the mass-assumption will have very diﬀerent shapes (Fig. 1).
It is not easy to ﬁnd an analytic description of the shape of the peaks which do not correspond to the mass-assumption.
Therefore a toy Monte Carlo model was set up to generate template histograms resembling these shapes.
Using the analytic description for the peak corresponding to the mass-assumption, and generated template his-
tograms for the other two peaks, the histograms in the (dE/dx − 〈dE/dx〉i,Δt − 〈Δt〉i)-plane were ﬁtted, and the
identiﬁed associated yield per trigger particle was extracted as a function of pT,assoc for three diﬀerent regions in
(Δφ,Δη). These three regions are deﬁned as (see the left panel of Fig. 1):
• Peak region (−0.52 < Δφ < 0.52 rad., and −0.40 < Δη < 0.40),
M. Veldhoen / Nuclear Physics A 910–911 (2013) 306–309 307
Figure 2: Top row: pion and proton yield in both peak region and bulk region. The bulk yield is normalized to the
area of the peak region in (Δφ,Δη). Bottom row: jet yield, i.e., peak yield with the bulk subtracted for both protons
and pions. Results are not feed down corrected.
• Bulk I region (−0.52 < Δφ < 0.52 rad., and 0.60 < |Δη| < 1.10),
• Bulk II region (−0.52 < Δφ < 0.52 rad., and 0.60 < |Δη| < 1.50).
The yields in the “Bulk II” region were used as bulk measurement, and will be referred to as “Bulk”. The region “Bulk
I” was used to estimate the systematic eﬀect of changing the bulk region. Using the measured yields Ni,J , i ∈ {π, p},
J ∈ {Peak, Bulk}, the ratios in the jet and in the bulk can be calculated:
Rp/πBulk =
Np,Bulk
Nπ,Bulk
, Rp/πJet =
Np,Peak − (APeak/ABulk)Np,Bulk
Nπ,Peak − (APeak/ABulk)Nπ,Bulk , (2)
where AJ , J ∈ {Peak, Bulk} stands for the area of region J.
3. Results
On the top row of Fig. 2, the yields per trigger particle in the peak- and bulk region are shown, both for pions and
protons (not feed down corrected). Here, the bulk yield is normalized to the area of the peak region, i.e., it has been
multiplied by a factor APeak/ABulk. Correlated and uncorrelated uncertainties are shown separately. In the same ﬁgure,
on the bottom row, the yields per trigger particle in the jet (Ni,Peak − (APeak/ABulk)Ni,Bulk) are shown, for i ∈ {π, p}.
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Figure 3: Measured p/π ratio
in the jet and bulk of a Pb–Pb
di-hadron correlation. Com-
parison with PYTHIA. Results
are not feed down corrected.
Using Eq. (2), the p/π ratio was calculated in the bulk and in the jet (see Fig. 3). For comparison, the jet ratio was
calculated using simulated p+p collisions on generator level. For the simulation the default tune of PYTHIA v6.4.21
was used.
The ratio in the bulk increases steeply, up to a value close to unity, and then falls oﬀ. This behavior is compatible
with inclusive measurements of the p/π ratio [1, 2, 3]. The ratio in the jet (Rp/πJet ) however is compatible with the ratio
for jets in PYTHIA, where fragmentation in the vacuum is the dominant mechanism for particle production.
4. Conclusion
A very clear increase of the p/π ratio is observed in the bulk of central Pb–Pb collisions compared to the PYTHIA
reference. This observation is consistent with earlier inclusive measurements. The p/π ratio in the yield associated
with a high-pT trigger particle after background subtraction however is compatible with the PYTHIA reference,
suggesting that particle production is unmodiﬁed by the presence of the medium. One possible explanation is that
fragmentation of energetic partons occurs outside the medium. Further investigation of the p/π ratio in the away-side
jet may be sensitive to the path length dependance of the eﬀect.
References
[1] P. collaboration, Scaling properties of proton and anti-proton production in
√
sNN = 200 GeV Au + Au collisions, Phys. Rev. Lett. (2003)
172301.
[2] B. Abelev, (the STAR collaboration), Spectra of identiﬁed high-pT π± and p( p¯) in Cu + Cu collisions at
√
sNN = 200 GeV, Phys. Rev. C 81
(2010) 054907.
[3] L. Barnby, (for the ALICE collaboration), Strange and identiﬁed hadron production at the LHC with ALICE, AIP Conf. Proc. 1422 (2012)
85–91. doi:10.1063/1.3692201.
URL http://dx.doi.org/10.1063/1.3692201
[4] B. Muller, J. Schukraft, B. Wyslouch, First results from pb+pb collisions at the lhc, arXiv:1202.3233 [hep-ex].
[5] S. Sapeta, U. Wiedemann, Jet hadrochemistry as a characteristic of jet quenching, Eur.Phys.J. C 55 (2) (2008) 293–202.
[6] R. Fries, V. Greco, P. Sorensen, Coalescence Models For Hadron Formation From Quark Gluon Plasma, Ann.Rev.Nucl.Part.Sci 58 (2008)
177–205.
[7] R. Hwa, Hadron correlations in jets and ridges through parton recombination, arXiv:0904.2159v1 [nucl-th].
[8] R. Hwa, C. Yang, Dihadron correlation in jets produced in heavy-ion collisions, Phys. Rev. C 70 (2004) 054907.
[9] J.-F. Grosse-Oetringhaus, (for the ALICE collaboration), Hadron correlations measured with alice, this issue.
[10] CMS collaboration, Measurement of jet fragmentation into charged particles in pp and PbPb collisions at
√
sNN = 2.76 TeV,
arXiv:1205.5872v1 [nucl-ex].
M. Veldhoen / Nuclear Physics A 910–911 (2013) 306–309 309
